Abstract The adsorption of phenol on microporous activated carbons (ACs) produced in laboratory from polyethyleneterephtalate (PET), furfuryl alcohol (PFA), polyacrylonitrile (PAN) and anthracene oil pitch (ASN) have been studied. The ACs have been obtained by carbonization and subsequent steam activation at 850°C to 50 % burn off. For comparison, commercial activated carbons from coconut shell, and CWZ 22 carbon have been applied. All studied ACs are predominantly microporous and have neutral or basic surface characteristics. The pseudo second kinetic model and Langmuir equation were found to fit the experimental data very well. A very good correlation between the volume of pores with a width smaller than 1.4 nm (V 1.4 ) and the volume of phenol calculated from Langmuir monolayer capacity (q m ) was found. Based on that, it can be concluded that the phenol adsorption is governed mainly by micropore filling through the p-p dispersion interaction in micropores smaller than double molecular diameter of phenol.
Introduction
Phenol is a common water contamination that can be obstacle even at low concentration hence its efficient removal is a subject of a great interest. Additionally it is a well-known compound that serves as a model molecule used for characterization of adsorptive properties of different materials. Hence there is lot of papers that deal with phenols (Ps) adsorption however only few of them give an answer where the adsorption capacity come from (Mattson et al. 1969; Moreno-Castilla et al.1995; Radovic et al.1997; Hsieh and Teng 2000; Salame and Bandosz 2003; Terzyk 2003; Fierro et al. 2008; Liu et al. 2010) . Generally three mechanisms of phenolic compounds adsorption are considered: the p-p dispersion interaction, the electron-donor-acceptor complex formation and the hydrogen-bond formation (Mattson et al. 1969; Terzyk 2003; Dąbrowski et al. 2005 ). The first mechanism is based on the dispersion forces between the p electrons of phenol ring and the p electron of the graphene layer in the activated carbon. The second mechanism proposes the formation of donor-acceptor complex between the surface electron donor groups (e.g. carbonyls) and the aromatic ring of phenol that acts as the acceptor. In the third case the hydrogen of hydroxyl groups of phenol is involved in an intracomplex hydrogen bond with surface oxygen complex.
The adsorption capacity of adsorbent toward phenol is also strongly dependent on the chemical characteristics of adsorbing material that might be expressed as heteroatoms functional group density on the surface. It has been proved that the phenols adsorption from aqueous solution on oxidized activated carbons is diminished due to the solvent effect (Nevskaia et al. 1999; Franz et al. 2000; Huang et al. 2008) , therefore for the removal of weak acids like phenol, activated carbons (ACs) with basic surface characteristic are considered as the most appropriate. Also, the presence of Electronic supplementary material The online version of this article (doi:10.1007/s10450-015-9737-x) contains supplementary material, which is available to authorized users.
nitrogen functionalities influences the mechanism of phenolic compounds adsorption. Its presence increases the basicity of carbon surface that enhances the affinity of phenol toward ACs surface (Lorenc-Grabowska et al. 2013) .
It is well known that the porosity of carbonaceous material is also a critical factor in adsorption processes of organic compounds from liquid phase (Mattson and Mark 1971) however there are limited studies that deal directly with the correlation between pore size distribution and adsorption capacity toward organic compound. For example Caturla et al. (1988) have reported that when narrow micropores dominate in the porous texture, the adsorption of phenolic compound correlates with the BET surface area while for carbon with predominant contribution of wider pores, the surface properties influence the adsorption of phenol as well. Daifullah and Girgis (1998) reported that the main factor that determines phenolic compounds adsorption is the pore size distribution (PSD) of adsorbent. In other work (Hsieh and Teng 2000) a strong relationship between the adsorption capacity and the adsorption energy which is micropore size distribution dependent, was demonstrated. Also Hu and Srinivasan (2001) or Juang et al. (2001) correlated the adsorption capacity of different ACs toward phenol with micropore volume. Nevertheless none of the work specifies the size of micropore width in which the adsorption takes place. The development in porous texture characterization methods allows to undertake the studies concerning the impact of pore size distribution on the adsorption capacity. For example, the adsorption of trichloroethane and methyl tertiarybutyl ether was correlated with the micropores about 1.3-1.8 times larger in size than the kinetic diameter of the target adsorbates (Li et al. 2002) . In other work the adsorption of 4,6-dimethyldibenzothiophene (DMDB) was found to be governed by pore with a width corresponding to DMDB molecule size (Seredych et al. 2010 ). In our previous work a correlation between the adsorption capacity of ACs and the volume of pores with sizes smaller than 1.4 nm was reported for phenol and p-chlorophenol (Lorenc-Grabowska et al. 2010; Lorenc-Grabowska and Rutkowski 2014) .
The main object of this work is to elucidate the role of porosity in the mechanism of phenol adsorption on activated carbons with different background. Due to the fact that phenol is a weak acid and to avoid strong solvent competition effect, for this studies the carbon with neutral or slightly basic surface, low oxygen content but different pore size distribution was selected.
Experimental

Materials
Two commercial ACs produced by Gryfscand (CS, CWZ) and four laboratory made carbons (PET, PAN, PFA, ASN) were selected for the adsorption test. All carbons were steam activated. The CS carbon is made from coconut shell, the CWZ carbon is wood-based. The PAN, PET and PFA are ACs obtained by carbonization at 870°C and subsequent steam activation at 850°C of polyacrylonitrile (Lorenc-Grabowska et al. 2013) , polyethyleneterephtalate (Lorenc-Grabowska et al. 2009 ) and polyfurfuryl alcohol (Lorenc-Grabowska et al. 2012 ). In the case of ASN carbon the carbonization at 900°C and activation at 870°C of anthracene oil pitch was proceeded by pitch oxidation with mixture of sulfuric/nitric acid (Machnikowska et al. 2011 ).
Characterization of ACs
The elemental analysis of C, H, N and S was performed using a Vario III Elemental Analyzer. The oxygen content was calculated by difference. The porous texture was determined from nitrogen adsorption isotherms measured at 77 K with a NOVA 2200 (Quantachrome). The specific surface area was calculated using the BET method at pp 0 -1 range: 0.01-0.15. The amount of nitrogen adsorbed at relatively pressure of pp 0 -1 = 0.98 was employed to determine the total pore volume (V T ). The micropore volume (V DR ) was calculated applying the DubininRadushkevich equation up to pp 0 -1 B 0.15. The pore size distribution was determined by means of the density functional theory (DFT) method using Nova Quantachrome software. The pH PZC (point of zero charge) of the ACs was determined according to the procedure described by Moreno-Castilla et al. (2000) .
Sorption of phenol
The adsorption of phenol from aqueous solutions was carried out at 24°C in a static system. The ACs grain size was 0.2-0.5 mm. Speeds of shaking were kept uniform for all experiments. For the adsorption, 0.01-0.2 g of AC was placed into Erlenmeyer flasks and 0.10 dm 3 of adsorbate solution (150 mg dm -3 ) was added to each flask. The stoppered flasks were kept in a thermostat shaker bath and were agitated to reach equilibrium. Each set of flasks included two flasks containing blank solutions to check for sorbate volatilization and adsorption on the glass walls. The adsorption isotherms were determined without adding any buffer to control pH to avoid the presence of a new electrolyte in the system. The pH of the solution was measured by a digital pH-meter (Accumet Basic, Fisher Scientific) using a combined glass electrode. The concentration of each solute remaining in the water phase was quantified. The phenol concentration was determined using HITACHI U-2800A UV-Vis spectrophotometer at the wavelength of 270 nm. The basic phenol characteristics are given in Table 1 .
Results and discussion
Characteristics of studied activated carbons
The basic surface characteristics of activated carbons studied in this work has been given in the Table 2. The carbons are of different origin that is distinctly reflected in the elemental composition. The carbon content changes from 87.16 for PAN to 97.08 for PFA. The two carbons are also characterized by, respectively, the highest (7.42 wt%) and the lowest (0.03 wt%) nitrogen content. Low amount of nitrogen is also found in the PET. The nitrogen in commercial ACs is at level of 0.3-0.4 wt%. Slightly higher nitrogen content (1.47 wt%) is found in ASN carbon. The nitrogen in this carbon arises from the nitric acid used in the oxidation process. The oxidation step also increased the sulfur content (0.54 wt%) in this carbon. The sulfur content at a level of 0.3 % is found in the commercial CS carbon whereas the remaining carbons are characterized by negligible sulfur amount (below 0.05 wt%). The oxygen in studied carbons is at relatively low level. The highest content is found in ASN (5.07 wt%) whereas the lowest in PFA (1.58 wt%) AC. It should be emphasized that selected for the studies carbons are characterized by almost neutral or only slightly basic surface characteristics as the pH PZC varies between 6.2 and 8.8 ( Table 2 ). The basic surface characteristics arise mainly from the delocalized electrons of graphene layer hence the pH PZC is close to neutral. The presence of nitrogen functional groups (PAN) and alkali mineral contamination (CWZ) increase the basicity of the surface whereas the oxidation with sulphuric and nitric acids in the procedure of ASN production leads to a small fall in the pH PZC value. The laboratory made ACs have low mineral matter contamination. The ash content is below 0.5 wt%. The commercial ACs have about 10-fold higher ash content but the amount is considered as low (Table 2 ).
All studied ACs are microporous. The micropore ratio changes from 0.78 to 0.97. The volume of micropore and consequently the BET surface area differ significantly. The lowest S BET (730 m 2 g -1 ) and micropore volume (0.302 cm 3 g -1 ) is found for PAN. The highest micropore volume (0.590 cm 3 g -1 ) and the highest S BET (1524 m 2 g -1 ) are found in the PET. The CS is characterized by the highest total pore volume and the lowest V DR /V T ratio (0.78). It should be emphasized that although the PET and PFA carbons have the same total pore volume (0.607 vs 0.602 cm 3 g -1 ) they are characterized by different micropore volume and consequently different pore size distribution (Fig. 1) . The PET compared to PFA carbon has smaller volume of pore with size less than 1.0 nm and bigger volume of pore with size bigger than 1.6 nm. With the exception of ASN all carbons are characterized by sharp maximum at pore width 1-1.4 nm. The ASN carbon is characterized be bimodal shape with maximum at 0.6-0.8 nm and at 1.2-1.4 nm. The PFA and CWZ carbons have smaller volume of wider micropore and small mesopore volume compared to PET and CS carbon whereas the ASN is characterized by the highest volume of pore with size smaller than 1.0 nm.
Kinetics of phenol adsorption
The adsorption of phenol on studied ACs is shown in Fig. 2 . The process is very rapid in the initial period of adsorption. Over 50 % of the equilibrium sorption capacity is obtained in the first hours of adsorption in the case of PET, PFA, ASN and CWZ carbon while in the case of PAN and CS it takes 5 h. The time needed to attained the equilibrium is increasing in the direction: CS (18 h) \ CWZ = ASN (24 h) \ PFA (45 h) \ PET (52 h) \ PAN (120 h). In uniform experimental condition, the equilibrium time is usually related with the volume of macro-and mesopores that play the role of transporting area. It can be seen that in this work no relationship is found between the mesoporosity and equilibrium time. This is due to the fact that the kinetics is governed not only by the diffusion within the pores. The kinetics of adsorption process in porous material can be divided into three main stages (Weber and Morris 1963) . The first is the external diffusion or boundary layer diffusion of solute molecules. The second is the diffusion within the pores of the adsorbent internal structure. The third stage, which is the fastest one, is the adsorption on active sites at the surface. This model is given by Weber and Morris in intraparticle diffusion model. Figure 3 shows the fractional uptake q t as a function of t 1/2 for the adsorption of phenol on studied ACs. It can be clearly seen that the plot are composed of two linear parts. The first part does not pass through point (0;0) indicating that the external layer diffusion control the rate of adsorption. The thickness of the intercept of the plot permits to estimate the boundary layer effect. In our earlier work we have observed the influence of ACs' heteroatom content on the rate of the movement of dissolved molecules in boundary of solution. The lower heteroatoms content and ash contamination the bigger the boundary layer effect (Lorenc-Grabowska and Rutkowski 2014). In this work the thickness of the boundary layer (C I ) (Table 3) 
The PAN is characterized by the highest contribution of heteroatoms O ? N (10.45 wt%) whereas PFA has the lowest O ? N content (1.61 wt%). In the case of carbon CWZ, CS and ASN additional influence of mineral impurities is also observed. Based on that, it can be concluded that indeed the movement in the boundary layer of phenol molecules dissolved in water is related with the hydrophilicity of the adsorbent. The surface of ACs that does not contain hydrophilic groups is not very attractive to water molecule. A consequence of this is a large boundary layer effect due to higher external resistance.
The next step in the adsorption is the intraparticle diffusion that usually occurs in two stages. The adsorbate molecules enter the transporting pores, that is described by the first part of the plot (I) and then, usually more slowly, penetrate smaller pores where the final adsorption takes place, the second part of the plot (II). It can be observed that the slope of the part corresponding to adsorption in smaller pores (k II ) is lower than that corresponding to adsorption in . For all carbons studied in this work the slope of the second part of plot is the smallest and nearly parallel to x axis indicating that intraparticle diffusion into the micropores is the rate-controlling step.
Equilibrium adsorption of phenol
The processes of phenol adsorption were carried out in unbuffered condition. Taking into account the pH of solution after the adsorption, that varied between 7.0 and 8.3, the electrostatic forces do not influence the adsorption processes on studied carbon. The adsorption isotherms for phenol on the ACs studied in this work are shown in Fig. 4 . According to Giles classification, the isotherms belong to the L type for the CS and CWZ whereas for PAN, PET, PFA and ASN carbons the type H is observed. The L class of isotherms is commonly reported for the adsorption of phenols from aqueous solution (Daifullah and Girgis 1998; Ho et al. 1998; Juang et al. 2001; Kilic et al. 2011; Kuś-mierek et al. 2014) . This is the case when no strong competition between the adsorbate and the solvent for occupying the adsorption sites is observed. The H type is observed in systems were strong affinity of adsorbate's molecules toward carbon surface, at low adsorbate's concentration, appears. This type of interaction is relatively unique in case of phenol adsorption from water. The PFA and PET activated carbons are characterized by very low oxygen content that eliminate the competition between phenol and water for adsorption site. The H-type isotherm in the case of PAN and ASN indicates that the nitrogen presence enhances the affinity between the AC surface and phenol molecule.
The Langmuir and Freundlich models were used to interpret the obtained data. This is due to the fact that these models are the simplest ones but directly give information on the adsorption capacity or heterogeneity factor that allows to study the mechanism of organic compounds adsorption. The equation's parameters of systems studied in this work are given in Table 4 , whereas the Langmuir and Freundlich equations' description are given in details in supplementary files (Table S1 ). The comparison of the R 2 values of the linearized form of both equations indicates that the Langmuir model (R 2 : 0.970-0.998) yields a better fit than the Freundlich model (R 2 : 0.822-0.968) and can be applied to entire region of phenol concentration. The Langmuir monolayer capacity increases as follows:
It can be observed that large surface area and a big micropore volume are not sufficient to obtained high adsorption capacity adsorbent for phenol removal. The highest Langmuir adsorption capacity (q m = 303 mg g -1 ) is observed on ASN that is characterized by S BET = 1117 m 2 g -1 and V DR = 0.478 cm 3 g -1 , whereas activated carbon with highest S BET and V DR (PET) has q m about 100 mg smaller (217 mg g -1 ). The lowest q m is found in CWZ with surface area (S BET ) over 240 m 2 g -1 bigger than the lowest S BET of carbons studied in this work (PAN).
On the mechanism of phenol adsorption
The adsorption capacity of ACs depends on various factors such as porous texture and surface functional groups of adsorbent; the polarity, solubility molecular size of adsorbate, pH of solution or the presence of other ions in the solution. In this work, the condition of adsorption processes allowed to exclude the impact of electrostatic interaction on the adsorption mechanism. The influence of the surface characteristics on the adsorption can be expressed as the relationship between the adsorption capacity of ACs and heteroatom density. The enhanced water adsorption on polar surface functional group (O or N containing) usually leads to a decrease of adsorption capacity with increased heteroatom density on AC surface (Li et al. 2002, Salame and Bandosz 2003; Lorenc-Grabowska et al. 2010 ). On the other hand the hydrogen bond formation between the hydrogen of phenol's hydroxyl groups requires the surface oxygen or nitrogen complexes. In this work no relationship is observed between the heteroatom density and amount of adsorbed phenol (Fig. 5a ). This is due to the fact that the studied ACs carbons are of different origin and some are contaminated with mineral impurities that influence the surface polarity as well. It also permits to reduce the importance of hydrogen bonding in the case of phenol adsorption on non-acidic carbons. As can be seen in Fig. 5b there is also no relationship between the q m and the surface area S BET . This is also reflected in the calculated surface coverage h ( Table 4) that changes from 0.207 to 0.706 and allows to conclude that definitely the surface area is not the factor that rules the carbons adsorption capacity. The two of the three proposed in literature mechanisms of phenolic compounds adsorption are considered to take place in micropores: the p-p dispersion interaction are reinforced when adsorption takes place in smaller micropore as micropore filling. This is due to the enhanced adsorption potential occurring from the neighboring graphene walls. On the contrary, the formation of donor-acceptor complex is postulated to occur in wider micropores and mesopores. According to studies of Hu and Srinivasan (2001) on phenol adsorption, its molecule penetrates the pore with size bigger than 1 nm. Our earlier studies (Lorenc-Grabowska et al. 2013 have shown that the preferential adsorption of phenol occurs in pore smaller than 1.4 nm. As can be seen on Fig. 5c the phenol adsorption capacity is increasing with increasing volume of pore with size smaller than 1.4 nm. To have a deeper insight into adsorption mechanism, the volume of adsorbed * Equivalent surface monolayer defined as h = (a m r N A )/M w S BET , see Table S1 phenol (V p ), calculated on the basis of the molecular volume of phenol (Table 1) and Langmuir monolayer adsorption capacity (q m ), (Table 4) was correlated with volume of micropores with different size (Fig. 6 ). It can be seen that the correlation coefficient changes from 0.0359 to 0.9452. The highest R 2 is observed for correlation V p versus V \1.4 (Fig. 6a) . What more, the volume of adsorbed phenol is comparable with the volume of pore smaller than 1.4 nm. The ratio of V p /V \1.4 changes as follow: 0.78 (CS) \ 0.82 (CWZ) \ 0.97 (PFA) \ 1.07 (ASN) \ 1.12 (PET) \ 1.17 (PAN). The perfect fit is observed for laboratory made carbon, a slightly worse fit is observed for the commercial ACs. Although in liquid phase adsorption of low molecular weight compounds the overlapping adsorption potentials of opposite walls make the adsorption much stronger in smaller micropore. However in ultramicropores the molecular sieving effect may occur or due to the shape of pores that does not allow the molecules to penetrate into micropores or because the pore width is narrower than the molecular size of the adsorbate (Zhang et al. 2006) . Also the presence of some functional group in the microporosity might cause the pore blocking effect and force the phenol molecule to adsorb only in pores with size greater than the size of phenol molecule. (Salame and Bandosz 2003) . Due to the fact that the commercial ACs do not give such a good fit a further studies with lower limits of micropore width was conducted. Taking into account phenol molecular size (0.54-0.46 nm) (Table 1) The obtained in this work results shows that presences of hydrophilic mineral impurities significantly affect the accessibility of ultra-micropores to the phenol molecules particularly in carbons with small volume of pore with size smaller than 1 nm. The relatively high heteroatoms content observed in ASN and PAN do not give any pore blocking effect and all pores smaller than 1.4 nm take part in phenol adsorption.
Taking into account the result of this work the upper limit of pore size can be estimated. Phenol adsorb preferentially in pores with size smaller than doubled molecular diameter. The precise definition of the lower limit of pore size still needs to be verified and further studies concerning adsorption in ultra-microporosity should be carried out.
Conclusions
The adsorptions of phenol on ACs with basic and neutral surface characteristics were carried out. The studied adsorbent varied in heteroatoms content and pore size distribution. The adsorption processes were very fast. After only 5 h over 50 % of the final adsorption capacity was reached. The equilibrium isotherms were type L in the case of commercial ACs whereas the H type was observed for the laboratory made ACs. The calculated Langmuir adsorption capacity varied from 145 to 303 mg g -1 . The boundary layer effect was lower for carbon with higher hydrophility whereas the intraparticle diffusion was the rate controlling step for all studied carbons.
The mineral impurities in the case of commercial ACs influence the mechanism of phenol adsorption.
It was shown that the main mechanism that rules the phenol adsorption is micropore filling in pore with size smaller than 1.4 nm.
